Abstract: We demonstrate coded excitation of broadband terahertz using optical rectification in poled lithium niobate patterned with a 53-bit binary phase code. Digital pulse compression produces near single-cycle terahertz pulses at 1.2 THz.
Introduction
There is considerable interest in using electromagnetic terahertz (THz) pulses for imaging purposes [1] [2] [3] . A major limitation to THz imaging is signal-to-noise ratio (SNR), especially when imaging weakly scattering objects. Obviously, SNR can be improved with more efficient transmitters. An alternative method for improving SNR is coded excitation, a well established technique in radar [4] and ultrasound imaging [5] . Coded excitation is particularly useful when there are peak power limitations on the transmitter (e.g., peak-power damage in nonlinear crystals). The transmitted pulse is an encoded waveform with a long duration but large bandwidth. The received waveforms are digitized and decoded by a discrete-time filter. This decoding filter digitally compresses the encoded waveforms to produce short pulses with high peak power. The SNR improvement scales with the time-bandwidth product of the transmitted waveforms.
Coded excitation can be used with a variety of encoding waveforms. Binary phase codes are particularly attractive for systems with limited capabilities for amplitude and frequency modulation. These codes consist of the same pulse repeated at regular intervals, where the sign of the pulse is either +1 or -1. The bandwidth of the overall code is determined by the bandwidth of an individual pulse. Binary phase codes of electromagnetic THz waveforms can be generated by optical rectification in poled lithium niobate (PLN). PLN crystals have been shown to generate simple narrow-band THz as well as more complicated waveforms [6] . This is possible by engineering the poling domain structure of the crystal. Roughly speaking, each poling domain contributes a half-cycle of THz field. The phase of a particular half-cycle is determined by the poling direction of its source domain. Assigning a binary code to the crystal poling pattern therefore produces a binary phase encoded THz waveform.
Experiment
The experimental setup is illustrated in Fig. 1 . The ultrafast laser is a home-built 250 kHz regeneratively amplified Ti:Sapphire system. The pump beam is chopped at 65 kHz before it is focused onto the PLN crystal with a 40 cm focal length lens. The pump pulse energy is approximately 600 nJ. The generated THz is collimated and re-focused by two metallic off-axis parabolas. THz detection is performed with a standard electro-optic setup. The probe laser is first sent through a rapid scanning delay line covering a 140 ps window at a repetition rate of 2.5 Hz. The probe pulse energy is approximately 60 nJ. The probe beam then passes through a Glan-Thompson polarizer and reflects off a pellicle to co-propagate with the THz. The THz-induced birefringence inside the ZnTe sensor crystal modulates the polarization of the probe laser. A quarter-wave plate followed by a Wollaston prism produces two optical beams for balanced detection. The balanced signal is fed through a lock-in amplifier (30 ps time constant) and digitized by a 16-bit A/D board at a sampling rate of 100 kS/s.
The PLN crystal, custom manufactured by Deltronic Crystal Industries, is 5 mm long and 0.5 mm thick. The poling pattern consists of a 53-bit binary code [7] . As shown by the inset of Fig. 1 , each bit consists of a pair of domains with opposite poling directions. The length of each bit is Lb = 94 pm, so each poling domain is 47 ptm long. The peak THz frequency is expected to be fpeak=c/(nT-n0)Lb [8] , where nT and n0 are the THz and optical indices of refraction, respectively. Assuming nT = 5.2 and n. = 2.3 produces fpeA = 1.1 THz. Since lithium niobate has significant THz absorption at room temperature [8] , the PLN crystal was cooled in a liquid helium cryostat. The exit window of the cryostat is made of high-density polyethylene, blocking the residual optical beam while transmitting most of the generated THz. 
Results
The first experiment was a straight "pitch-catch" measurement, where no object was placed in the THz beam path. A single-shot measurement of the encoded waveform is shown in Fig. 2(a) . The x-axis is time in ps and the y-axis is the normalized signal amplitude. This signal was digitally bandpass filtered between 0.5 and 2.2 THz to suppress out-of-band noise. Digital pulse compression was performed with an inverse filter in the frequency domain [5] . This filter was derived empirically from a separate "pitch-catch" measurement involving 1000 signal averages. The inverse filter was obtained by inverting the spectrum of this averaged signal. Theoretically, the 53-bit binary code patterned into the PLN crystal has a well behaved spectrum suitable for spectrum inversion [5] . The raw (no bandpass filtering) signal used to produce Fig. 2(a) was then digitally compressed to produce Fig. 2(b) . Clearly a tight pulse is produced, along with a reduction in the noise level. The digital pulse compression is a form of signal averaging, since the individual pulses in the binary code are effectively "re-aligned" and added together. The spectra of the compressed and encoded signals are shown by the solid and dashed curves in Fig. 2(c) , respectively. The x-axis is frequency in THz while the y-axis is normalized magnitude in dB. The ripples in the encoded signal spectrum are due to interference between the temporally separated pulses (the "bits") of the binary waveform. The digital compression filter removes most of the ripples in the encoded signal spectrum to produce a much smoother spectrum peaked at 1.2 THz with a -6 dB bandwidth of 1.2 THz. The pulse compression filter was tested with a simple one-dimensional imaging experiment, where an object was placed in the THz beam path. The object consists of a 6 mm thick high-density polyethylene plate. A 3 mm deep step is machined into this plate, as shown in Fig. 1 . Placing this object approximately two-thirds into the THz beam path produces three pulses arriving at the THz detector. The first pulse is due to the THz propagating purely i-O in air. The second and third pulses are due to the THz transmitted through the thin and thick sections of the object, respectively. A single-shot waveform followed by bandpass filtering is shown in Fig. 3(a) . The x-axis is time in ps and the y-axis is nornalized amplitude. The same filter used to produce Fig. 2(b) was applied to the raw (no bandpass filtering) single-shot waveform. The digitally compressed signal is shown in Fig. 3(b) , clearly showing the three pulses expected from the object. For comparison, the poled PLN crystal was replaced with a 1 mm thick ZnTe crystal. The single-shot waveform, followed by bandpass filtering, is shown in Fig. 3(c) . The residual signal trailing the three main pulses is a common occurrence in terahertz experiments with ZnTe crystals. This is most likely due to reverberations and terahertz absorption lines in the ZnTe [9] . The coded excitation scheme clearly shows comparable performance to the ZnTe emitter. 
Conclusions
We have demonstrated coded excitation of broadband terahertz using optical rectification in poled lithium niobate patterned with a 53-bit binary phase code. Digital pulse compression produces near single-cycle terahertz pulses at 1.2 THz. Initial one-dimensional imaging experiments show that the coded excitation scheme compares favorably with a conventional ZnTe emitter. The digital compression filter used in this paper is by no means an optimal filter. Furthermore, practical implementations of digital filters operate in the time domain instead of the frequency domain. Time-domain filters will require optimization methods to simultaneously improve SNR while suppressing range sidelobes that naturally occur in the pulse compression process [10] .
Finally, the coded excitation scheme will be evaluated with two-dimensional and three-dimensional imaging experiments. 5 
